Introduction
Mechanical cutting is a widely used and effective way to cut steel at rolling mills as well as in machine workshops. This cutting technique can be pushed to its limits when modern high-strength steels are cut. It is also possible to use plasma or laser cutting, but these alternatives are less effective and may require large investments. However, it is not very easy to determine the largest thickness or highest strength of steel that can be cut mechanically without damaging the cutter. High-strength steels have recently developed considerably, so the mechanical cutting of these materials has not yet been widely studied. Stress levels can, for example, be estimated by measuring the maximum shearing force. This kind of measurement can provide interesting information, but it is still not necessarily adequate for determining stress levels. It is well known that even with a relatively low maximum force, a high number of load cycles can cause fatigue failure in the long run.
The thickness and material properties of the plate have a crucial impact on the stress of the cutter, but the condition of the blades and operational settings also have to be considered. Cutting using too narrow a blade clearance or worn out blades, for example, can impose unnecessary stress on the cutter. This leads to the natural conclusion that it is useful to determine the correct settings and a suitable time for the replacement of blades.
Dimensionless MIT measurement indices can be used in stress level estimation as well as in condition monitoring. Nevertheless, the implementation of these indices as part of the monitoring system must be carried out with care. If the index selected is not based on correct signal features, some changes in measurements may remain undetected. When the index is created correctly, it can be a very practical solution. Calculating an index is straightforward with modern computer technology and little expertise is required to read out a numeric value of the index.
Guillotine cutting
Guillotine-type cutters have been used in industry to cut plates for a long time. Cutter manufacturers normally have limits that indicate the types of plates that the cutter is designed to cut. It is difficult to apply these limits, especially in the case of older cutters, because the development of materials has been rapid in the last few years. Modern steels are often very different from traditional steels in terms of their material properties. Plates of different materials can, of course, impose different stresses on the cutter, but it may not be easy to determine the thickness of a highstrength steel plate that would be equivalent to conventional steel in this respect [1, 2] . The stress level imposed on the cutter by the cutting process is naturally related to the shearing force needed to crop the plate. This force is dependent on many factors. Crucial factors include the thickness and material properties of the plate, and cutting angle α (Figure 1 ). Blade clearance and rake angle also affect the shearing force and their correctness should be ensured in order to avoid the poor quality of cutting edges and rapid wear of blades [3, 4] .
A fairly straightforward conclusion is that the thickness of the plate is directly proportional to the maximum shearing force during the cut. However, this cannot be directly applied to the tensile strength of the material. The reason for this is shown in Figure 1 . At point A, the blade is on the surface of the plate and at point C, the blade has reached the lower surface of the plate. It can quite clearly be seen that from point A to the left, the part shown in white in Figure 1 , all of the material is still intact. The grey area is already cut and the blade has reached it. The red part has already been cut, because the shearing force has caused a brittle fracture. The cut is taking place between points A and B, where the blue area is still uncut and the grey area is cut.
The maximum force is indeed dependent on the yield strength of the material but, on the other hand, the maximum blade penetration (y) is also a major factor (Figure 1 ). Blade penetration depends on the strength of the material, but also 
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on its susceptibility to brittle fracture. If the material is of high hardness, the blade penetration (y) is small and the length of the piece where cutting takes place (x) is short. When the piece of material being sheared is small, the shearing force needed is not very great, whereas surface pressure on the blades grows, respectively. In other words, cutting very hard materials is unlikely to cause problems because of the high forces imposed on the cutter, but damage to the blades is a potential risk [5, 6, 7] . As stated above, blade penetration (y) will be minor with a hard material. As the blade tries to move further but cannot penetrate the plate, shearing stress will grow. In a case like this, a fairly thick piece of material will reach its breaking point before the blade reaches it. Thus, fracture in the material will be mainly brittle, not ductile. This means that the maximum shearing force needed can be drastically smaller than in the case of ductile material. On the other hand, if the material is susceptible to brittle fracture, shock-like vibration can occur during cutting. This is because the area where the brittle fracture takes place is relatively large in the case of hard materials, such as hardened steel. When a brittle fracture occurs in a large area of material, the blade's contact area to uncut material is suddenly reduced, which causes a rapid decrease in cutting force. When the tool travels further, the contact area grows larger again and the shearing force rises, which again causes a brittle fracture. The result of this kind of process is a shock-like variation in shearing force, which can cause fatigue even if the shearing force is relatively low.
It might seem reasonable to avoid cutting high-strength steels with mechanical cutters because it could damage the machinery. However, it is important to know for economical reasons when mechanical cutting can be applied, because alternative ways, such as plasma cutting, are much more time consuming. Therefore, if the limits for cutting high-strength steels are set without measurement and analysis, it may be that production capacity cannot be utilised to the full.
There has been some earlier research on mechanical cutters, and it seems to have often focused on the quality of the cut [8, 9, 10] . This information is also useful of course, and can be partially applied even in this case. For example, if the plate is bent during cutting, energy has been used for unwanted deformation and unnecessary load has been imposed on the cutter. This means that setting cutting parameters that produce minimum bending of the plate also reduce the load imposed on the cutter, while improving quality.
It is shown in [11, 12] that the die cutting of high-strength steels, even with a tensile strength of 1500 MPa, can be considered possible if tools of a suitable design are used, even if tool life may be shorter. If mechanical cutting of this kind can be applicable to such high-strength steels, it is quite reasonable to presume that guillotine-type cutters can also be used to cut high-strength steels, at least in some cases. Shearing steel plates of high strength is investigated in [13] , though the focus is not on the stress of the cutter.
Metal cutting with chip removal has been investigated quite extensively. Tool wear in different chip removal methods has also been under investigation relatively often [14] . The methods of this include acceleration measurements [15, 16, 17] , acoustic emission measurements [18] and neural networks and fuzzy logic [19, 20, 21] . In a sense, this research is quite close to the topic of this paper, because it is very clear that tool wear has an effect on the stress of the machinery. However, the mechanics of methods such as milling and drilling are highly different from guillotine cutting [22, 23, 24, 25] . Chip removal and guillotine cutting, of course, have something in common as they are affected by material properties and fracture mechanics, but the differences in cutting processes are also obvious. It is debatable to what extent research results on chip removal can be applied to guillotine cutting.
Some information is also currently available on the mechanics of guillotine cutting, for example on shearing force and finite element modelling of shearing [7, 8, 13, 26] . The authors have presented some results on the stress of the equipment in guillotine cutting [27] , but this topic has not been widely discussed. It is also notable that information on the guillotine cutting of modern, hardened high-strength steels has been rarely published. This is probably because steel of this type has not been available for a very long period of time. Nonetheless, some information on the cutting of high-strength steels is available [11, 12, 13] .
Methods of signal processing
The fast Fourier transform (FFT) is a common method for processing signals. In condition monitoring, FFT is often used in order to create a spectrum, but there are also some other reasons that make it useful. In [28] , Lahdelma gave a definition of real-order derivative x (α) to the function:
which is:
where X is a constant, ω is the angular frequency, e is the Napier's constant, i = −1 and t is a real variable representing time. It is also possible to express Equation (2) in the following form:
By applying FFT to the signal, we obtain a sequence where the amplitude and the phase angle of each term of the Fourier series is presented as a complex number. This means that the derivative with respect to time can actually be calculated by just multiplying every term X k of the FFT by (iω k ) α and performing the inverse fast Fourier transform (FFT -1 ). When using FFT for acceleration signal x (2) (t), we obtain complex terms {X 2k }, k = 0, 1, 2,…, (N -1), and for the derivative x (α) of the displacement signal x = x(t) they are [29] :
The time domain signal x (α) (t) can be found by transforming the sequence resulting from Equation (4) with the inverse Fourier transform (FFT -1 ). Integration in this case can be considered a 'negative derivative' and performed using negative values of α.
A method actually quite similar to the latter can also be used for the filtering of signals. Unwanted frequency components can simply be removed by multiplying them by zero. The filter created in this manner is the so-called ideal filter. It must be noted, however, that when carrying out this kind of frequency domain calculation, and then creating the time domain signal by FFT -1 , the use of a proper windowing function is necessary.
The weighted l p norm
Real-order derivatives [30] and generalised norms [31] have been shown to be effective tools for feature exctraction in signal processing [29, 32] . The weighted l p norm [33] of the function x (α) is defined by:
where the real number α is the order of the derivative and p is the order of the norm. By changing the value of α, the norm (5) can be used for detecting different kinds of changes in the signal. When using low-order derivatives, low-frequency vibrations caused by unbalance, for example, can be detected. With the higher values of α, the norm (5) is sensitive to shocks and highfrequency vibrations, which are caused by friction or bearing faults, for instance [32, 34] . It is relatively easy to calculate this norm, which can be used to detect various defects.
Conditon monitoring commonly makes use of the root mean square (rms) and peak value, which are in fact special cases of norm (5) when p = 2 and p = ∞, respectively. Nonetheless, these are only two possible cases and any positive value of p can be used. In the case 0 < p < 1, it is not the question of a proper norm in general, because the triangle inequality is not fulfilled. In this special case, these values of p are also valid because ||x + y||≤||x||+||y|| is satisfied since y is the null vector [33, 35] . The essential purpose of using different values of p in signal processing is to either magnify or diminish the peaks in the signal.
Measurement indices
The stress level of a machine can be evaluated by calculating a dimensionless measurement index MIT [36] , as follows:
where b α i is the weighting factor. The reference norm x
is usually calculated from a situation when the machine is in good condition. In this case, to diminish the effect of random changes, an average calculated from several signals is used. Thus, Equation (6) is applied in the following form:
where l is the number of measurements on the reference case and m is from the case with which the reference is compared. Measurement indices can be used to detect different stress types. For example, in case α = 0, ie when measuring displacement, lowfrequency vibrations that may cause excessive stress to structures can be detected. On the other hand, high-frequency vibrations caused by friction or a roller bearing defect, for example, can be effectively detected with a higher order of derivative, when the value of α is around four, for example. Practical applications can require monitoring of both lowand high-frequency vibrations, simultaneously. In this case, a combination of high and low orders of derivative can be included in the measurement index.
Target and measurements
The cutter has two motors, which are coupled by a bevel gear to the same shaft. The secondary shaft of the bevel gear is coupled via a flywheel to a worm gear. The worm gear drives a crankshaft, which is connected by rods to a beam that holds the upper blade of the cutter (see Figure 2) .
The cutter, which is the object of our research, is used to cut steel plates from 5 mm up to 40 mm in thickness. The material properties of steel also vary considerably. For example, the yield strength of steel varies from about 355 MPa up to 1100 MPa. Considering these circumstances, it is quite obvious that the load of the cutter is far from constant.
The measurements presented in this case were performed using an accelerometer, which was stud-mounted to the cutter's worm gear. More precisely, it was placed axially on the bearing housing of the worm. The placement of the accelerometer is shown in Figure 2 .
The sampling frequency was 25.6 kHz and the upper cut-off frequency was set to 10 kHz. The type of accelerometer used was a Hansford HS-100 and the data acquisition module was a National Instruments NI 9234. The frequency response of the 
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Hansford HS-100 is within ±3 dB in the frequency range from 0.8 Hz to 15 kHz. Determining the maximum acceptable vibration level is an important, but not straightforward, task. There are standards, for example, that give suggestive values to the acceptable vibration levels of gearboxes. However, these standards do not acknowledge the special type of load that the gearbox of the cutter is subject to. To produce more reliable results, changes in the signals must be carefully studied.
Dimensionless measurement indices can provide information on the condition of the machine, but can also be used to estimate stress levels. In this way, measurements can be used not only to detect faults but also to prevent them. In this case, these indices are used to monitor the stress levels of the cutter when cutting different types of steels. Modern, hardened high-strength steels have been in production for a relatively short period of time, so the mechanical cutting of these steels has not been widely researched. Therefore, we find it interesting to estimate the thickness of high-strength steel that can be cut without the risk of damaging the cutter. This is carried out by comparing the stress levels caused by modern steel types and steels that have traditionally been cut mechanically.
Some difficulties were encountered because measurements were performed in an industrial environment. Acquiring error-free signals was quite challenging because there were many high-power electrical devices close to the measurement equipment. Despite cable shieldings and proper grounding of the measurement devices, we noticed that some signals contained very low-frequency components. The components were sometimes so high that they could not be considered real mechanical vibrations. As we wanted to be sure about the healthiness of the signals, we used a filter with the lower cut-off frequency of 5 Hz for all accelerometer signals.
Analysis
The type of stress imposed on the end cutter varies substantially depending on the properties of the plate. A thick plate made of conventional steel causes a single shock when sheared. If the material is very hard, a large number of shocks may occur.
The progress of the work sequence that the cutter performs in every cut can be recognised from the acceleration signals. By listening to the signals and examining them visually, we have come to the conclusion that the signal from the work sequence can be divided into the following four stages (Figure 3 The interesting phase in the stress evaluation is primarily Stage 2. Stage 3 can also be considered interesting, though it is less important. Stage 2 contains the part of the signal when the cut itself is taking place, and this is naturally the point in time when the cutter is under the highest stress. In stage 3, there can be some vibrations, due to the blade scratching the plate, resonance vibrations or the backlash causing shocks when the shearing force ceases to exist, for example. These can also impose some stress on the cutter. Stage 1 is practically identical in every case, regardless of the type of steel being cut, while Stage 4 is different in some cases because of the rammer that is used after some cuts to push the scrap piece to the conveyor.
A Tukey window of length T = 5 s was used and the calculations involve the four second flat part of the window, ie features are from the time interval t ∈[0.5 s, 4.5 s]. Figure 4 shows an example of the signal when cutting 8 mm-thick conventional steel. This case is used as a reference when evaluating the level of stress imposed on the cutter. The cases in Figures 5 and 6 also involve the cutting of conventional steel, but the plate thicknesses are 20 mm and 30 mm. Figure 7 shows the signal when cutting hardened steel of 5 mm thickness.
It is easy to determine that there are changes in all of the cases when comparing the signal in Figure 4 with that in Figures  5, 6 and 7. This is quite understandable, because in all the cases either thickness or material properties differ quite a lot from the values of the reference case. A more interesting conclusion is that cutting 5 mm-thick hardened steel does not impose considerable stress on the cutter. Due to shock-like vibrations during the cut (Figure 7) , a notable increase can be seen in the features that are most sensitive to high-frequency vibrations.
Three dimensional graphs, called S surfaces [27, 37] , are shown in Figures 8, 9 and 10. The S surface is obtained by means of Equation (7), using different values for α and p. The step for α and p is 0.25, α ∈[−10, 10] and p ∈[0. 25, 8] . Some calculations were also performed with a shorter time period of signal than four seconds, but we found it more sensible to include time after the cut in the analysis.
However, when comparing the case in Figure 8 with the case in Figure 10 , it can be seen that cutting 20 mm-thick conventional steel actually causes a greater change in features than cutting 5 mm-thick hardened steel. As the cutter has been used for decades to cut conventional steel, cutting 5 mm-thick hardened steel can hardly be considered a risk to the cutter. Nonetheless, it can be stated that cutting hardened steel with a thickness of 5 mm causes high levels of stress in the form of multiple shocks to the cutter. As discussed earlier, this can occur as the blade is unable to penetrate the plate. This might be due to the material 
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of the blades used being too soft and consequently unsuitable for cutting hardened steel. Figure 7 shows an example of cutting 5 mm-thick hardened steel. It can be seen that in this case vibrations are more shocklike than in Figure 4 .
When 30 mm-thick steel is cut, the sensitivity graph ( Figure  9 ) is drastically different than in the other two cases. Features that are sensitive for detecting high displacements show the highest change. The reason for the difference between Figures 9 and 10 is shown in Figures 11 and 12 , in which signals from Figures 6 and 7 are converted to velocity signals through integration. Cutting thick steel plates causes a considerably higher vibration velocity. This is an expected outcome, because the maximum shearing force grows with increased plate thickness. The number of shocks caused by wear-resistant steel is substantial, but it can be seen from Figure 12 that the maximum signal level is minor if compared with Figure 11 . This is most likely due to a large number of brittle fractures during the cutting process.
Stress indices
Stress indices were calculated using Equation (7) . The index in this case is intended for detecting both a high shearing force and multiple shocks. It is shown that when shearing comes to an end, an excessive shearing force causes a high shock. Of course, when substantial force is applied, overloading of the gears and motors of the cutter can also occur. The high number of less intense shocks is not necessarily any better, because it can lead to a fatigue breakdown. Both of the latter can cause the risk of damaging the cutter. Either of the load types can be detected by means of acceleration measurements, while feature extraction needs to be performed with suitable methods. Generally used features, such as the root mean square of velocity or acceleration, are not necessarily adequate in this type of stress evaluation.
As seen from S surfaces in Figures 8 and 10 , the norm
is an example of a feature that has a good sensitivity to repetitive shocks. The order of the norm (5) was not selected to be higher than six, because then the norm could be considerably affected by a single peak value and thus be too sensitive to random shocks, which in fact have a minor influence. It can be seen from Figure  9 than 30 mm-thick conventional steel, which was quite an unexpected outcome. This might have happened by coincidence, but this is unlikely to be the case considering that the features are averages from 10 cuts. We cannot give a completely satisfactory explanation to this, though one possibility is that the operational parameters used were incorrect. The MIT index obtained from Equation (7) when n = 2 and β α 1 = β α 2 = 1. Tables 1, 2 and 3 show the values of the index (Equation (8)) in different frequency bands. 
Conclusions
The results show that different stress levels of the cutter can be detected by means of vibration measurements. The analysis points out that material properties can have a major impact on the type of stress that the cutter is exposed to. The dimensionless MIT index (Equation (8)) is a new way of providing reliable information on the stress level of the cutter. The features in Equation (8) are selected from the S surfaces shown in Figures 8, 9 and 10. The surfaces are obtained using real-order derivatives and weighted l p norms. It is shown that, when the goal is to detect a single high-level shock, measuring acceleration is not necessarily very effective but a displacement signal, which is obtained by integrating the acceleration signal twice, can be used. In any attempt to detect frequently repeating shocks efficiently, the frequency band measured should be above 1 kHz and it is reasonable to use derivative x (α) where α > 2. It can also be concluded that high-strength steel plates can be cut mechanically, but plate thickness must probably be limited to thinner plates than in the case of conventional steels. Another issue is the wear of the blades, which presumably takes place more rapidly with high-strength steels. Having to replace the blades very frequently can make cutting unprofitable, even if cutting does not cause damage to the machinery. If a cutter is used to cut a lot of very high-strength materials, condition monitoring of the blades is advisable. Performing this kind of monitoring by measuring strain or vibration could be an interesting theme for future research. Using methods such as sound or acoustic emission measurements can also be considered, although they require more expensive equipment than accelerometers or strain gauges. In industrial applications, such as the one discussed in this paper, sound measurements are not often very useful because they are sensitive to background noise.
Furthermore, the results point out how important it is to take circumstantial factors into consideration. Steel cutters are not the only example of machines that are operated in varying conditions. This can make the analysis of measurements complicated, even if operational parameters are known.
